Abstract: Males that follow alternative reproductive tactics might differ in their investment into testis development and sperm production. The resource-allocation hypothesis predicts that males following a sneaker tactic should invest more into sperm production than dominant territorial males which should invest more into mate guarding. This hypothesis is supported by studies in species where individual males cannot switch between tactics (fixed tactics). Here we present the first data for a species where males can switch between tactics (plastic tactics). We studied African striped mice (Rhabdomys pumilio) in captivity, mimicking three tactics observed in the field: philopatric group-living males, singly-housed males representing roaming males, and group-living breeding males. We measured quantitative and qualitative reproductive traits, as well as serum and testis hormone concentrations. We found no support for the resource-allocation hypothesis, since breeding and singly-housed males invested similarly in testes and sperm. However, philopatric males had significantly smaller testes and epididymides, lower sperm counts, lower testosterone and higher corticosterone levels than males of the two other tactics. Philopatric males did not reach a larger body mass than singly-housed males with well developed reproductive traits, indicating that they did not trade investment in sperm production against growth. Interestingly, testis testosterone concentrations of philopatric males did not differ from those of other males. Our data suggest that philopatric males are reproductively suppressed by the breeding male, but might be ready to increase their serum testosterone levels when social and environmental conditions allow for this physiological switch accompanying the behavioral switch between tactics.
Introduction 51
The complex process of sperm production is costly in terms of time and energy 52 (White-Cooper et al., 2009). Resource allocation into testes for sperm production and into 53 epididymides for sperm maturation might differ between individuals, especially if intraspecific 54 polymorphism in behavioral tactics to achieve reproductive success exists, referred to as 55 alternative reproductive tactics (ARTs; Pitnick et al., 2009; . Within 56 social vertebrates, tactics employed might include being a dominant territorial breeder male 57 (also called bourgeois male), or a sneaker male (also called satellite or roamer male) which 58 solicit matings with females defended by the territorial males (Gross, 1996 ; Taborsky et al., 59
2008). As such, ARTs offer a unique opportunity to test the resource-allocation hypothesis, 60 which predicts that males following a sneaker tactic should invest more into sperm production 61
than dominant territorial males which should invest more into mate guarding (Gage et al., 62 1995; Parker, 1990 ARTs can be fixed for life, or they can be plastic whereby individual males might 65 switch between tactics (Gross, 1996) . In species with plastic ARTs, sneaker males are less 66 competitive and often smaller and younger than the dominant males, which have the highest 67 fitness. Sneaker males are making the best of a bad job (Dawkins, 1980) , following a tactic 68 with low fitness payoffs that is still better than no reproductive success at all. Such plastic 69
ARTs are common in many species of fish (Taborksy, 2008), birds (Krüger, 2008 ) and 70 mammals (Wolff, 2008) . These sneaker males change to the dominant territorial tactic when 71 they grow larger and gain greater resource holding potential. The underlying strategy (decision 72 rule) of such plastic ARTs has been called conditional strategy (Gross, 1996) , or more recently 73 a single strategy (because it has one set of decision rules; . 74
It is not clear whether the predictions from the resource-allocation hypothesis (Gage et 75 al., 1995; Parker, 1990) only hold for species with fixed ARTs where the tactic is genetically 76 determined (alternative strategies; Gross, 1996) or also for species with plastic tactics and 77 single strategies . Sneaker males of species with single 78 strategies might not invest more than dominant males in sperm, as they also have to invest in 79 survival to be able to switch to the dominant territorial tactic. Further, if dominant males 80 experience high sperm competition by other males, they might also have to invest highly into 81 sperm production (Pitnick et al., 2009 ). To our knowledge, all studies on the influence of 82
ARTs on sperm production have been done in species with fixed ARTs, but not in species 83
where males can change tactics. 84
Two factors have been identified to be likely candidates for the switch to another 85 reproductive tactic (Schradin et al., 2009a ): a change in body condition and/or in hormone 86 levels. Both might be triggered by social and environmental conditions (Schradin et al., 2012) . 87
Since -irrespective of the resource allocation hypothesis -a good body condition is 88 conductive to produce large numbers of sperm, males differing in body condition are predicted 89 to differ in sperm quantity and/or quality, and this might also depend on age (Pitnick et al., 90 2009). For species with plastic ARTs, this would predict that dominant males have more 91
and/or better quality sperm than sneaker or younger males, because a better body condition is 92 the prerequisite to reach the dominant bourgeois state. For example in the bank vole (Myodes 93 glareolus), dominant males have a greater body mass, larger testes, greater sperm counts, more 94 motile and viable sperm with less sperm abnormalities than subordinate males (Kruczek and 95 Styrna, 2009 ). Also, in house mice, dominant males have greater numbers of motile sperm 96 cells than subdominants, though there was no difference in sperm density or velocity (Koyama 97 and Kamimura, 1998 Kamimura, , 2003 
Experimental procedure 199
From every family we used three males for the study: the father (approx. 3 months 200 older than his sons) and two of his sons which were adults and of the same age. Families were 201 kept together until offspring were three weeks old (weaning is on D16; Brooks, 1982) . On 202 D21, one male offspring was randomly assigned to be the singly-housed male, his brother the 203 family living philopatric male. Additionally, one male and one female offspring remained in 204 the family such that the philopatric male experienced both a male and a female sibling; all 205 remaining offspring were euthanized. In four of the 15 families, male siblings were not 206 available, so philopatric males thus either had 2 female siblings (2 pairs) or only one female 207 sibling (2 pairs). There was no indication that males who did not experience any male sibling 208 reacted / developed differentially, which is in agreement with a previous study demonstrating 209 that it is the presence of the father, not other family members, that influences the physiology 210 of subordinate males (Schradin et al., 2009b) . 211
For each family, the philopatric male and its singly-housed brother were weighed once 212 a week and their reproductive states were determined as either being non-scrotal (testes inside 213 the body) or being scrotal (testes fully descended), until the week both siblings were recorded 214 as being scrotal (on average after 5.3 + 1.2 weeks) . When the male offspring were 9-10 weeks 215 old the experiment was ended. At this age, all males were fully scrotal. This represented the 216 age at which males would have dispersed and become solitary roamers under field conditions 217 of very low population density (Schoepf and Schradin, 2012; Schradin, 2005) . Their body 218 mass (to the closest 0.1 g) was determined before they were anaesthetized and a blood sample 219 of 300 µl was taken using sublingual blood sampling (Heimann et al., 2009 ). The blood was 220 allowed to clot for 1.5 h at ambient temperature and was then centrifuged for 10 min at 10000 221 x g. The resulting serum was pipetted and frozen in aliquots. Males were euthanized 222 immediately after blood sampling and the testes and caudae epididymides were removed. The 223 same morning, the father of these males was also sampled for blood, euthanized, and his testes 224 were dissected. Testes (and the surrounding tissue) were kept at 4°C in a plastic bag and 225 couriered in an isolated transport box (MTG, Germany) at 4-8°C to the Leibniz Institute for 226
Zoo and Wildlife Research (Berlin, Germany) for further analyses. Further preparation of 227 testes occurred 48-58 h after euthanasia, until which time testes were kept in a plastic bag at 228 4°C. 229
230

Quantitative parameters 231
All chemicals for the laboratory analyses were purchased from Invitrogen (Germany) if 232 not stated otherwise. Both testes and epididymides of each individual were freed from 233 surrounding tissue and blood vessels. Each testis was dissected from the epididymis and testes 234 and epididymides mass (without the vas deferens) from both sides were measured. Then, the 235 caput and cauda epididymides were separated as shown in figure 1 and weighed again 236 separately. The length (l) and width (w) of each testis was also measured and the volume was 237 calculated by the following formula: V = 4/3 π * w 2 * l. 238
To determine the number of testicular spermatozoa, testis parenchyma from the outer 239 third of testis (avoiding the rete testis region) was cut with a sharp razor blade into small 240 pieces. 0.1 g testis parenchyma was weighed, minced and suspended in 2 ml M199 (a complex 241 cell culture containing Hepes buffer to avoid a fast change of its pH-value on air; Sigma M 242 7528) supplemented with 0.4% (w/v) BSA (Merck, Germany, fraction V, K32491618-406) 243 while carefully pressing through a 28 µm nylon mesh. After appropriate dilution in water, the 244 number of sperm was counted twice in a haemocytometer and the means were expressed as 245 sperm concentration (per g testis) and total sperm number in testis (sperm concentration x 246 testis mass) as well. 247
Cell cycle stages in the testes give a measurement of gonadal activity, i. Sperm morphology, sperm motility and mitochondrial status were analyzed to give 275 basic information about whether sperm were functional. This was done before (caput sperm) 276 and after (cauda sperm) maturation in the epididymis. Qualitative parameters refer to all 277 parameters describing the sperm quality, which can be both categorical (e.g. % of sperm with 278 a minimum distance passed during measurement) or non-categorical parameters (e.g. mean 279
velocity of this sperm population, which can be measured quantitatively). 280
For evaluating the morphology of spermatozoa, 10 µl filtered sperm suspension (from 281 the refrigerated testes) were fixed with 90 µl 0.5% formaldehyde in PBS Dulbecco (Sigma D 282 8537) for 1 h at room temperature and stored at 4°C until observation. Droplets of 8 µl on a 283 slide were covered with a coverslip and counted for intactness of heads and tails under a 284 microscope (Leica, Germany) with phase contrast optics and a 1000 x magnification using oil 285 immersion. 286
For evaluating sperm motility, the filtered sperm suspension was diluted with M199-k 287 to about 4-8 x 10 6 sperm cells / ml and 100 µl were incubated in a closed Eppendorf tube at 288 38°C. After 5 min incubation, 5 µl sperm suspension were pipetted in a pre-warmed Makler 289 chamber (Sefi-Medical Instruments, Israel) and motility was examined by computer-assisted 290 sperm analysis system SpermVision (Minitüb, Germany) equipped with a Nikon microscope, 291 dark field optics (Nikon, Japan) and a video camera TM-6760CL (JAI Pulnix, Germany). The 292 temperature of the microscope stage was maintained at 38°C. For each field, 30 pictures were 293 recorded at 60 Hz, and 8 fields with 30 to 50 sperm cells per field were evaluated per sample. 294
The percentage of motile and progressively motile spermatozoa as well as the curvilinear 295 velocity (VCL) of progressively motile spermatozoa (cells that have passed a distance > 5µm 296 during the 0.5 seconds of recording) was evaluated. 297
To assess the number of sperm cells with active mitochondria, the filtered sperm 298 suspension was diluted with M199-k to 1-2 x 10 6 sperm cells in 250 µl M199-k and 1 µl 299 rhodamine 123 (R-302) from a stock (50 µg/ml) as well as 2.5 µl propidium iodide (P 3566) 300 from a stock (1 mg/ml) were added. After 20 min incubation at 37°C in the dark, 10-40 µl 301
were measured in 1 ml pre-warmed M199-k on a PAS III flowcytometer (Partec, Germany) 302 equipped with an 200 mW Argon laser (excitation: 488 nm). Rhodamine 123 accumulates in 303 active mitochondria membranes and the resulting green fluorescence was recorded using a 304 band pass (500-560 nm). Propidium iodide stains the DNA of non-viable sperm cells and the 305 resulting red fluorescence was recorded using a long pass (> 610 nm). For each sample, 15000 306 events were counted. Sperm cells were discriminated from contaminations in a forward-307 sideward scatterplot. After defining the sperm cell signals by gating, the percentage of the 308 sperm population with active mitochondria was analyzed in the green versus red fluorescence 309 dotplot by the FlowMax software (Partec, Germany). 310
311
Hormone assays 312
Serum samples were analyzed for testosterone and corticosterone in appropriate 313 dilutions using commercial kits from IBL Hamburg (for validation for the study species see 314 (Schradin, 2008b) . For corticosterone, intra-assay and inter-assay variability were 5.3% and 315 11.3%. For testosterone, intra-assay and inter-assay variability were 3.3% and 11.8%, 316
respectively. 317
We determined testicular testosterone levels according to Blottner et al. (1998) . Two 318 portions of 0.1 g testis parenchyma (0.1 g per side, see below) were frozen per individual at -319 20°C. The parenchyma was lyophilized and testosterone was extracted two times with 1.5 ml 320 90% methanol for 30 min. The extract was pooled and diluted 1:1 (v/v) with water and 321 duplicates of 20 µl were analyzed. The enzyme immunoassay used a rabbit polyclonal 322 antibody against testosterone-11-HS-BSA and testosterone-3-CMO-peroxidase as enzyme 323
conjugate. The intra-assay and inter-assay variability were 8.9% and 12.3%, respectively. 324
325
Statistical analysis 326
From the 15 families, three were excluded from analysis because in one family the 327 philopatric male was attacked and had to be removed from the family group. In another 328 family, the singly-housed male died of unknown reasons when 8 weeks old, and in the third 329 family, the breeding male was attacked and removed. Thus, effective sample size is n = 12 330 families (36 males). In some cases, we could not obtain measurements for all individuals, 331 further reducing sample size (see Tab. 
1). 332
The software Instat (GraphPad) was used. Data within families were compared using 333 repeated measures ANOVA followed by the 
Comparison between breeders and singles 399
Breeders had a significantly greater body mass, testis mass, testis volume, cauda and 400 caput epididymis mass than their singly-housed sons. Quantitative and qualitative sperm 401 parameters were similar between both male groups (Tab. 1). The serum corticosterone levels 402 were significantly lower in singles than in breeders whereas the testosterone concentrations in 403 serum and testis did not differ between the two types of males. 404
405
Body condition and reproductive traits 406
Body mass was correlated with testis mass (Fig. 3A) and sperm quantity in the testes 407 when the individuals from all three ARTs were considered, but not for any of the three male 408
ARTs alone (Tab. 2). For the most accurate measurement of sperm quality we used the 409 percentage of progressively motile sperm in the cauda epididymis, which was significantly 410 correlated with body mass when data from all individuals of the three ARTs were considered, 411 as well as for single-kept males alone, but not for philopatric or breeding males (Fig. 3B) . 412
Serum testosterone levels were not significantly correlated with testis mass.. Serum 413 testosterone levels were correlated with sperm quantity in the testes when the individuals from 414 all three ARTs were considered, but not for any of the three male ARTs alone (Tab. 2). The 415 percentage of progressively motile sperm in the cauda epididymis (indicating sperm quality) 416 did not correlate significantly with testosterone levels over all males, but significantly and 417 positive within single-kept males. 418
Over all males, serum testosterone levels correlated significantly with testis 419 testosterone concentration (r=0.51, p<0.01, Bonferroni corrected p<0.05; Fig. 4A ), and the 420 total testis testosterone production (testis testosterone x testis mass; r=0.51, p<0.01, 421
Bonferroni corrected p<0.05; Fig. 4B ). These relationships were not found within of any of the 422 three tactics with the exception of a significant correlation between serum and testis 423 testosterone in singly-housed males (r=0. (Pillay, 2000) , and our singly-housed males were housed next to breeding 451 females and thus exposed to some of their olfactory cues. Keeping striped mouse males in 452 social isolation for several weeks might have influenced their physiology in an artificial way. 453 We think this was not the case, as (i) they still had olfactory contact with other mice, (ii) we 454 kept them under highly enriched conditions such that they did not show any stereotypic 455 behaviour that is typical for group-house striped mice kept in standard cages (Schradin, 456 unpubl. data), and (iii) the observed changes in hormone levels were similar to the changes 457 observed under field conditions The fertilizing efficiency of a male depends on the quantity of functionally competent 491 sperm (Aitken, 2006 ; Rodriguez-Martinez and Barth, 2007). The qualitative and most 492 quantitative reproductive traits were similar between larger breeding and smaller singly-493 housed striped mouse males. Therefore, it is not simply age or body mass that triggers sperm 494 production and sperm quality. Compared to philopatric males the singly-housed males had 495 larger testes, higher serum testosterone levels, and more sperm which were more often intact. 496
These differences between singly-housed and philopatric males cannot be explained by age or 497 body mass. Investment into sperm production and testes development does not seem to be 498 strongly influenced by body mass or age, but by the reproductive tactic of a male. Similar 499 results were found in a field study measuring reproductive success in striped mice: 500 reproductive success depended strongly on tactic, which itself was correlated with body mass, 501 but within tactics, body mass did not influence reproductive success (Schradin and Lindholm, 502 2011). These results from different studies are in agreement with the hypothesis that the three 503
ARTs represent real tactics that differ categorically in physiological mechanisms, reproductive 504 traits, behavior and fitness. 505 506
Reproductive suppression but no trade-off between investment into sperm versus growth 507
Philopatric males, even though they were scrotal, had lower testosterone levels, smaller 508 testes and lower sperm counts than their same aged singly-housed brothers of similar body 509 mass. Philopatric males thus showed clear signs of being reproductively suppressed, 510 supporting a previous study (Schradin et al., 2009b ). Compared to their singly-housed 511 brothers, they had higher corticosterone levels, which is regarded as an indicator of 512 physiological reproductive suppression (Reyer et al., 1986; Wingfield and Sapolsky, 2003) . 513
However and in contrast to field data (Schradin, 2008b) , in our present study, both breeders 514 and philopatric males had similar corticosterone levels and higher corticosterone levels than 515 singly-housed males. In the field, we measured corticosterone levels of 2000 ng/ml in 516 philopatric males (4.7 + 1.9 months old; Schradin et al., 2009a), and in another captive study 517 with the same colony 1053 ng/ml in five weeks old philopatric males that just became scrotal 518 (Schradin et al., 2009b) , both values being much higher than in the present study (278 ng/ml 519 when 10 weeks old). High corticosterone levels might be one of several mechanisms of 520 reproductive suppression (Schradin et al., 2009b) , but in our present study, the low 521 testosterone levels of philopatric males cannot be explained by simultaneously high 522 corticosterone levels, as otherwise breeders would also be expected to have low testosterone 523 levels. Alternatively, our data might represent the last physiological signals of previously high 524 corticosterone levels. 525
We found that testis and epididymis mass parameters were lowest in philopatric males. 526
Also, there was some evidence that sperm of philopatric males had lower maturity and lower 527 functionality, especially lower progressive cauda motility, fewer caput sperm with active 528 mitochondria, and fewer morphologically intact sperm. The ploidy analysis of testicular cells 529 revealed a low but detectable spermatogenetic activity in philopatric males. (Moller, 1989) . We hypothesize 554 that philopatric males are primed to increase their serum testosterone levels very quickly when 555 social and environmental conditions allow for this, e.g. if they disperse and become roamers or 556 if a breeding position becomes vacant in a neighbouring territory. Increased testosterone 557 secretion into the blood could then be maintained by increasing testis size. 558
In field studies, the switch between tactics is determined by behavioral switches, 559
especially from group-to solitary-living back to group-living (i.e. philopatric to roamer to 560 breeder; Schradin et al., 2012) . Our present study indicates that these switches between tactics 561 are accompanied by physiological switches, such as changes in hormone levels, testes 562 development and functionality. In nature, increases in testosterone levels and testes 563 development are likely to occur before philopatric males decide to leave their natal group to 564 become roamers and try to find a breeding position in another group. All three ARTs are 565 characterized by a similar testosterone concentration in testes that ensures basic sperm 566 production, even in philopatric males. In the cooperatively breeding cichlid Neolamprologus 567 pulcher, non-reproducing males living in a school have high testosterone levels, which might 568 enable them to rapidly switch to breeding condition once they become territorial breeders 569 (Bender et al., 2008) . In striped mice, testis size and sperm production may be increased by 570 social and environmental factors, for example the presence of reproductively active females 571 (Amstislavskaya and Popova, 2004; Macrides et al., 1975) , high food availability and the 572 absence of a dominant male (Schradin et al., 2009b 
